We have previously developed a new injection process with improved fluidity through applying shear stress. In this process, the product is made by injecting a solid-liquid slurry. Therefore, the microstructure of products made by this semi-solid injection process shows the dispersal of the spherical primary ¡-phase particles in the matrix. The primary ¡-phase particles and matrix are formed from the solid phase and liquid phase, respectively, when the slurry is injected. These phases have different properties, and the properties of semi-solid products are thought depend on the distribution of the primary ¡-phase particles. For this reason, semi-solid products have characteristic microstructures.
Introduction
Aluminum alloys have a low density, high specific strength, and high electrical and thermal conductivity. Therefore, they have a wide range of applications, including automotive components, electronic devices, communication equipment, and precision apparatuses. Furthermore, using aluminum alloys in transportation equipment is expected to improve fuel consumption through weight reduction. The high pressure die casting (HPDC) method is usually used in the mass production of aluminum alloy products with complex shapes. In this process, complex parts can be formed at low cost by the high-velocity injection of liquid aluminum into a metallic mold. However, the products often have casting defects from air entrainment and solidification shrinkage; therefore, they cannot undergo heat treatment or welding, and the reliability of their mechanical strength is low.
The semi-solid forming process is a method where a solidliquid metal slurry is formed. The semi-solid material has a higher viscosity and lower solidification shrinkage than the liquid metal. The high viscosity means that almost no air entrainment occurs, and the low solidification shrinkage decreases the shrinkage cavity and increases the dimensional accuracy. This process has been applied to aluminum alloys 1, 2) and magnesium alloys. 3, 4) To improve formability in the semi-solid process for aluminum alloys 5, 6) and magnesium alloys, 710) we have developed a semi-solid forming method that improves fluidity by applying shear stress to the semi-solid slurry. In a previous study, 6) we reported the improvement of fluidity by applying a high shear rate to refine and round the solid particles in the semi-solid slurry at the gate of a conventional high pressure die casting (HPDC) machine. However, during the semi-solid forming process, there are many unexplained phenomena in the flow morphology and behavior of solid particles. In particular, the microstructures of the semi-solid products consist of the primary solid ¡-phase particles and the liquid matrix phase during the injection forming process. These two phases have different properties. Therefore, the properties of the semi-solid products may be improved by controlling the distribution of the primary ¡-phase phase.
In this study, the variation of the primary ¡-phase particle distribution caused by changing the flow velocity of an AC4CH aluminum alloy slurry in the cavity was investigated. The morphology of the distribution of the solid ¡-phase particles in the flowing slurry and the effect of flow velocity on the morphology of flow were also investigated during the forming process.
Experimental Procedure
Specimens were prepared by using a 135 ton horizontal HPDC machine (TOYO BD-125V5). A JIS AC4CH semisolid slurry was injected into the metallic mold, which had spiral cavities 5.7 mm wide, 4.0 mm thick, and 1350 mm long. The AC4CH aluminum alloy is equivalent to the A356 ASTM standard. A schematic of the specimen is shown in Fig. 1 . The gate was placed at the entrance of the cavity. The shear rate at the gate was controlled by changing the thickness of the gate (1.0, 2.2, 3.1, or 4.0 mm), and by changing the injection velocity (plunger velocity) (0.1, 0.35, or 0.5 m·s ¹1 ). The plunger diameter was 50 mm, and the casting pressure (final pressure after filling the cavity) was set at 80 MPa.
The semi-solid slurry was prepared by electromagnetically stirring the molten alloy as it cooled rapidly.
11) The molten AC4CH alloy (about 250 g) at the adjusted temperature was poured into a stainless steel container with an inner diameter of 38.7 mm, a height of 90.0 mm, and a thickness of 1.2 mm. Boron nitride release agents were sprayed onto the internal surface to prevent a reaction between the molten metal and the container. The container absorbed heat from the molten alloy; therefore, the temperature of the molten alloy fell to the temperatures at which a semi-solid slurry was formed. During this cooling, the alloy was electromagnetically stirred in the vertical direction for 5 s, then rotationally stirred for 10 s. The solid fraction of the slurry was determined as about 0.55 by image analysis of the quenched sample before injection. The solid fraction was calculated as the proportion of the total area of the primary ¡-phase phase in the micrographs. The time from the finish of electromagnetic stirring to injection was 1320 s, and the average time was 15 s.
The microstructures of these specimens were observed in the plane perpendicular to the flow at intervals of 100 mm (50 mm for the injection velocity of 0.1 m·s ¹1 ) from the gate. The specimens were set in epoxy resin at room temperature and polished by emery paper, followed by diamond paste. The specimens were etched in a 0.5% HF aqueous solution. An optical microscope (Nikkon LV-150) was used to observe the microstructure.
Results

Distribution of primary ¡-phase particles in cross
section of specimens Figure 2 shows the typical microstructure of a semi-solid test specimen. The white areas are the primary ¡-phase phase and the gray matrix is the ¡-phase and Si eutectic structure. The primary ¡-phase phase and the eutectic phase were formed from the solid phase and the liquid phase, respectively. The microstructures of the vertical section of the fluidity test specimens near the gate are shown in Fig. 3 . The microstructures show that the primary ¡-phase particles were distributed in the eutectic structure in all conditions. For the injection speed of 0.1 m·s
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, the primary alpha particles were uniformly distributed in the vertical section, although a thin, low ¡-phase particle density area was visible near the surface. In contrast, at an injection speed of 0.35 or 0.5 m·s ¹1 , the primary ¡-phase particles were concentrated in the center of the vertical section, and the primary ¡-phase particle density was low near the surface. Figure 4 shows the microstructures of the vertical section of the fluidity test specimens at 50% of the total flow length. The distribution of the primary ¡-phase particles was the same as that near the gate. That is, the primary ¡-phase particles were uniformly distributed at an injection speed 0.1 m·s ¹1 . However, the primary ¡-phase particles were concentrated in the center of the specimen for injection speeds of 0.35 or 0.5 m·s ¹1 , and there were fewer primary ¡-phase particles in the vertical section at 50% of the total flow length than near the gate. Moreover, the center of distribution of the primary ¡-phase particles was slightly shifted toward the outer edge of the spiral. The cavity was linear near the gate, but curvilinear in the middle. The primary ¡-phase particles were solid when the slurry was flowing, thus the density of the solid phase was higher than that of the liquid phase. Therefore, the solid particles were subjected to inertial force and pushed to the outer edge of the mold. The number of primary ¡-phase particles was high in the corner of the vertical section (indicated by the arrows in Fig. 4) .
The microstructure of the vertical section of the fluidity test specimens near the end of the total flow length is shown in Fig. 5 . The primary ¡-phase particles were distributed uniformly in the vertical section under all conditions. The amount of the primary ¡-phase particles in the middle of the flow increased; therefore, the primary ¡-phase fraction increased. The end of specimen was the point at which flow ceased, hence the solid particles and liquid phase were distributed uniformly. After this, casting defects were observed that were caused by air entrainment.
3.2 Variation of the fraction and number of primary ¡-phase particles in the flow direction The distribution of the primary ¡-phase fraction and the number of primary ¡-phase particles per square millimeter measured from the micrographs of vertical to the flow direction are shown in Fig. 6 . The area of primary ¡-phase particles was measured, and the primary ¡-phase fraction was calculated as the ratio of this area to the total area of the cross section.
From the gate to 60% of total flow length, the primary ¡-phase fraction was about 0.4 under each set of conditions. However, at total flow lengths greater than 60%, the primary ¡-phase fraction increased with the distance from the gate, and reached 0.50.6 at the end of the specimen. Similarly, the number of primary ¡-phase particles per square millimeter was almost constant up to 60% of the total flow length and increased at total flow lengths greater than 60%. Figure 7 shows the typical variation in the mean particle diameter of the primary ¡-phase particles in the flow direction for a gate thickness of 2.2 mm. The mean particle diameter of the primary ¡-phase particles were almost the same from the gate to the end of the specimen for the same injection conditions. This trend was also observed for the other gate thicknesses. These results show that the increase in the primary ¡-phase fraction was caused by an increase in the number of the primary ¡-phase particles.
Discussion
In this paper, we propose the axial concentration degree, C, for quantitatively evaluating the distribution of the primary ¡-phase particles in the fluidity specimens. C is an index of the distribution of the primary ¡-phase particles along the flow axis when the slurry flows into the cavity, and is calculated as follows. First, the center of gravity of all particles was calculated by image analysis and was used as a dispersion center. Next, the area of each particle, A si , and distance from the dispersion center, r i , were calculated. From these values, the mean particle distance from the dispersion center, r a , was calculated by the following area weighted formula.
Moreover, to remove the effect of the difference of the crosssectional area (A) of the specimen, the shape of the cross section was approximated by a circle and r a was divided by the equivalent circle radius, ffiffiffiffiffiffiffiffiffi A=³ p . Then, the dimensionless value r a A was calculated as 
A si ! Therefore, if a particle is located at the dispersion center, r a A = 0, and if the particles are located at the wall, r a A = 1.
Here, if particles sufficiently smaller than the cross section are uniformly dispersed, the value of r a A is considered as follows. When the particles with an infinitesimal area are uniformly close packed in the circular cross section, RaA, in the range D (0 < r < a, 0 < ª < 2³) is calculated as
That is, if the particles are dispersed in the circular cross section with a radius of 1, then r a A = 2/3 ( Fig. 8(b) ). Hence, r a A < 2/3 indicates the particle distribution is near the central axis, and r a A > 2/3 indicates the particle distribution is near the wall. Therefore, the axial concentration degree, C, is defined as 2/3 minus r a A.
Hence, if the particles are uniformly distributed C = 0, if the particles are concentrated near the central axis C > 0, and if the particles are concentrated near the wall C < 0. Next, the maximum value of C is considered if particles sufficiently smaller than the cross-sectional area are dispersed near the central axis with uniform close packing and the primary ¡-phase fraction of 0.5. Under these conditions, the density of the close packing of a true circle in two dimensions is ffiffi ffi 3 p ³=6; therefore, in a circular cross section of radius 1, the particles are distributed with a radius of
. Hence the mean distance from the dispersion center is calculated as
495. Thus, the maximum value of C can be calculated as C ¼ Figure 9 shows the variation of the axial concentration of the primary ¡-phase particles with the flow direction calculated using these equations. For an injection speed of 0.1 m·s ¹1 , the axial concentration was about 0.04 from the gate to a total flow length of 30% for all gate thickness conditions. This means that the primary ¡-phase particles were slightly concentrated around the central axis. In contrast, the axial concentration gradually decreased along the flow length and the absolute value was lower than 0.02 at the end of the specimen. This indicates that the primary ¡-phase particles were distributed uniformly in the cross section of the specimen. However, for injection speeds of 0.35 or 0.5 m·s ¹1 , the axial concentration was about 0.08 until the middle of the total flow length for all gate thickness conditions. That is, the primary ¡-phase particles were more concentrated at the central axis at injection speeds of 0.35 or 0.5 m·s ¹1 than at 0.1 m·s
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. The axial concentration decreased at the end of the specimen, indicating that the primary ¡-phase particles were uniformly dispersed and the absolute value of the axial concentration was lower than 0.02. The distribution of the primary ¡-phase particles varied with the injection speed, but not with the gate thickness. The shear rate on the slurry at the gate varied with the gate thickness. Hence, the primary ¡-phase particles in the slurry became fine and spherical as the gate thickness decreased at the same injection speed.
6) The effect of the size and shape of the primary ¡-phase particles was negligible because the gate thickness had no effect on the distribution. Figure 10 shows the effect of the flow velocity in the cavity on the axial concentration in the middle of the flow length. The axial concentration increased with the flow velocity, indicating that the primary ¡-phase particles were concentrated around the central axis. Therefore, the distribution of the primary ¡-phase particles was altered by changing the flow velocity in the cavity. Toda et al. reported that the concentration of solid particles around the center of the cylindrical pipe increased with the flow velocity in a solid-liquid multi-phase flow.
12) The same phenomenon is observed in the semi-solid slurry flow; therefore, the primary ¡-phase particles were concentrated around the central axis at high-flow velocities.
Based on these results, we conclude the following about the flow configuration in the cavity. First, when the slurry was injected into the cavity, the ratio of the liquid state was higher near the wall, and the density of the solid particles increased with increasing flow velocity at the center of the cavity. However, the slurry solidified from the wall inward, decreasing the proportion of the liquid phase in the slurry during the flow, and increasing the fraction of the primary A si is the cross-sectional area of particle and r i is distance between primary ¡-phase particle and center of dispersion. (b) Variation of index r a A in the circular cross section with the distribution of particles. r a A is the average relative distance of all primary ¡-phase particles from the center of dispersion. r a A is 2/3 for a homogeneous distribution.
¡-phase particles and the apparent viscosity. Moreover, the flow of slurry ceased because the apparent viscosity was increased by the solidification. Consequently, the fraction of the primary ¡-phase particles increased at the end of the specimen. Additionally, the results of this study suggest that the distribution of the primary ¡-phase particles can be controlled by the flow velocity of the slurry in the cavity.
Conclusion
The fluidity of the AC4CH semi-solid slurry was investigated by injecting the slurry into a spiral cavity with a gate at the entrance of the mold. The microstructure of the specimen was observed and the distribution of the primary ¡-phase particles was evaluated. The following conclusions can be drawn.
(1) The fraction of the primary solid particles was about 0.4 up to a total flow length of about 60%, and it increased to 0.50.6 at the end of the specimen. This was caused by the increase in the number of the primary ¡-phase particles. (2) At a low injection velocity (0.1 m·s ¹1 ), the primary ¡-phase particles were distributed uniformly in the cross section perpendicular to the flow direction. (3) At higher injection velocities of 0.35 or 0.5 m·s ¹1 , the primary ¡-phase particles in the slurry became concentrated around the flow direction axis in the cross section perpendicular to the flow direction.
